Background: Blastomere movement (BMov) occurs after the first cell division in human embryos. This movement has been suggested as a prognostic parameter for pregnancy outcome prediction following cleavage-stage embryo transfer. However, the effect of BMov on preimplantation development and pregnancy outcome after blastocyst transfer remains unclear. Therefore, this study aimed to evaluate whether BMov after the first cell division is correlated with blastocyst formation rate and live birth rate after single vitrified-warmed blastocyst transfer (SVBT). Methods: Nine hundred and sixty-six embryos cultured in the EmbryoScope+® time-lapse system were retrospectively analyzed. The BMov type was categorized into three groups; namely, bouncing, wobbling, and twist-and-crumble. The BMov duration (dBMov) between the first (t2) and second cell division (t3) was monitored, and the ratio of dBMov to the duration of the 2-cell stage was calculated [dBMov/(t3-t2)]. Developmental rates to the 4-cell, 8-cell, morula, blastocyst, and expanded blastocyst stages were assessed, as well as blastocyst morphological grade. The correlations between dBMov and clinical pregnancy, ongoing pregnancy, and live birth rates were evaluated. Results: Increased dBMov/(t3-t2) was significantly correlated with decreased developmental rates to the 8-cell, morula, blastocyst, and expanded blastocyst stages, especially from the 4-cell stage to the morula stage. Analysis of different types of BMov revealed that embryos with bouncing movement exhibited significantly higher developmental rates to the 8-cell, morula, blastocyst, and expanded blastocyst stages compared with embryos with twist-and-crumble movement. The morphological quality of blastocyst-stage embryos with twist-and-crumble movement was significantly lower than that of embryos with bouncing and wobbling movements. The rates of clinical pregnancy, ongoing pregnancy, and live birth after SVBT were not correlated with BMov type or duration. Conclusions: Embryonic compaction and subsequent blastocyst formation are adversely affected by twist-and-crumble movement and prolonged movement after the first cell division. Our results indicate that the preimplantation developmental competence of human embryos could be predicted by assessing BMov after the first cell division on day 1.
Introduction
The development of time-lapse imaging technology has enabled consecutive observation of fertilization events, embryonic cleavage, compaction, and blastulation under stable and uninterrupted conditions, thus allowing the selection of appropriate embryos for transfer [1] [2] [3] [4] [5] [6] [7] . Several studies that have utilized time-lapse systems have reported that blastomere movement (BMov) occurs after the first cell division in human embryos [8, 9] . A recent study reported that BMov type (bouncing, wobbling, or twist-and-crumble) and duration vary markedly among embryos [10] . Furthermore, this study showed BMov duration to be correlated with the incidence of asymmetric division, fragment generation, and ongoing pregnancy rate after fresh cleaved-embryo transfer on day 2. Therefore, BMov is considered a prognostic parameter for outcome prediction following cleavage-stage embryo transfer. However, it is not known whether BMov correlates with blastocyst formation and pregnancy outcome after blastocyst transfer. We evaluated the association between the BMov type and duration (dBMov) post first cell division and preimplantation development and live birth rates (LBRs) after blastocyst transfer.
Materials and methods

Study population and design
We retrospectively analyzed the clinical records of 966 cleaved embryos from 634 treatment cycles of 634 women who underwent oocyte retrieval during clomiphene citrate-based minimal-stimulation cycle, and which were scheduled for planned freeze-all strategy at the blastocyst stage at Kato Ladies Clinic between April 2017 and May 2018. Oocytes were inseminated by intracytoplasmic sperm injection (ICSI). The patients' own oocytes were used during treatment. The patients presenting with recurrent implantations; i.e., those who had previously undergone embryo transfer four or more times, were excluded from the study [11] . In addition, patients who underwent preimplantation genetic diagnosis and women with hypothalamus-pituitary gland-related amenorrhea were excluded. Embryos that were directly cleaved from the 1-to 3-cell stage at the first cleavage were excluded from annotation.
Analysis of Blastomere movement
The detailed protocol for minimal stimulation with clomiphene citrate, ICSI, and embryo culture has been previously reported [10, 12] . The time points at which the second (t2) and third cells (t3) were completely separated by confluent membranes was annotated using the EmbryoScope+® time-lapse system, according to a previous report [6] . The type of BMov after the first cell division was monitored, as previously reported [10] . The dBMov between the first (t2) and second cell divisions (t3) was annotated, and the ratio of dBMov to the duration of the 2-cell stage (t3-t2) was calculated as dBMov/(t3-t2). The type of BMov was categorized into blastomere bouncing, wobbling, and twist-and-crumble groups, as previously reported [10] . In brief, when blastomeres temporally shrank and then expanded immediately after the first cell division, blastomere movement was categorized as "bouncing". Cytoplasmic and membrane waving/distortion, which was reflected by a continuous change in the blastomere shape after t2, was defined as blastomere "wobbling". Blastomere rolling followed by fragment generation was defined as "twist-and-crumble". All annotations in the Embryo Viewer software and conventional morphological grading of embryos were performed by four blinded operators with more than 10 years of experience in embryology, who were unaware of the clinical outcomes.
Blastocyst transfer
Single vitrified-warmed blastocyst transfers (SVBTs) were performed, as previously reported [12] . Dydrogesterone (30 mg/d) was administered orally during the early luteal phase after blastocyst transfer. In cases with insufficient luteal function, progesterone was administered intramuscularly (125 mg/d) or intravaginally (300-800 mg/d) until the 9th week of pregnancy. The clinical-pregnancy and ongoing-pregnancy rate (CPR and OPR, respectively) and LBR were analyzed.
Statistical analysis
All statistical analyses were performed using JMP software (SAS Institute, Cary, NC, USA). Proportion data were analyzed using the chi-square test or Cochran-Armitage test. Continuous parameters were compared via one-way analysis of variance (ANOVA), with significance determined using Tukey's test for post-hoc analysis. Logistic regression Continuous data are presented as mean ± standard error of the mean [range], categorical data are presented as n (%). Abbreviations: BMI body mass index was used to assess the contributing strength of parameters that are potentially associated with pregnancy outcome. Spearman's Rank Correlation Coefficient (SRCC) was used to measure the degree of association between two continuous variables. Adjusted odds ratios were reported with 95% confidence intervals for each group. A value of P < 0.05 was considered statistically significant.
Results
Patient characteristics are shown in Table 1 . The characteristics and clinical outcomes of the embryos are shown in Table 2 . The proportions of embryos with bouncing, wobbling, and twist-and-crumble movements were 56.2, 20.1, and 23.7%, respectively. Mean dBMov was 3.84 ± 0.07 h, and the value of dBMov/(t3-t2) was 0.366 ± Embryos categorized with bouncing movement exhibited significantly higher developmental rates to the 8-cell, morula, blastocyst, and expanded-blastocyst stages than embryos with twist-and-crumble movement, especially from the 4-cell to the morula stage (Table 2 and Additional file 1). To adjust for potential statistical confounding bias, a multivariate logistic regression analysis was also performed. Multivariate logistic regression analysis also indicated low developmental rates in the twist-and-crumble group (Table 3) . In contrast, the developmental rates were comparable between embryos with bouncing and wobbling movements. Furthermore, the morphological quality of the trophectoderm (TE) of embryos with twist-and-crumble movement was significantly lower than that of embryos with bouncing and wobbling movements, although the quality of the inner cell mass (ICM) was comparable among all groups ( Table 2 ). The CPR, OPR, and LBR after SVBT were comparable among groups (Table 2) . Multivariate logistic regression analysis also showed that movement type was not associated with OPR or LBR (Table 3) .
Multivariate logistic regression analysis revealed that an increased value of dBMov/(t3-t2) was significantly correlated with decreased developmental rates to the 8-cell, morula, blastocyst, and expanded blastocyst stages, especially from the 4-cell to the morula stage (Table 4 and Additional file 1). No correlation was observed between the value of dBMov/(t3-t2) and morphological quality of ICM (Grade A, 0.344 ± 0.011; B, 0.343 ± 0.014; C, 0.375 ± 0.021; P = 0.3065) or TE (Grade A, 0.335 ± 0.011; B, 0.359 ± 0.016; C, 0.363 ± 0.016; P = 0.0.2677). The CPR, OPR, and LBR were not correlated with the value of dBMov/(t3-t2) ( Table 4) .
Embryos were stratified into four groups according to the value of dBMov/(t3-t2): group A, dBMov/(t3-t2) < 0.217; group B, 0.217 ≤ dBMov/(t3-t2) < 0.300; group C, 0.300 ≤ dBMov/(t3-t2) < 0.420; and group D, 0.420 ≤ dBMov/(t3-t2) ( Table 5 ). The cut-off values for group designation were determined using statistical software. The developmental rates to expanded blastocyst stage decreased significantly from group A to group D, and the Cochran-Armitage test confirmed a significant trend of declining expanded blastocyst rate with increasing dBMov/(t3-t2) value (P < 0.0001). On the other hand, the CPR, OPR and LBR were not correlated with the dBMov/(t3-t2) value.
Discussion
This study demonstrates that embryos, those with twist-and-crumble movement, have a lower developmental rate after the 4-cell stage and poor morphological quality of Table 4 Adjusted odds ratio of the value of dBMov/(t3-t2) for embryonic development and pregnancy outcomes the trophectoderm at the blastocyst stage. The poor trophectoderm morphology of twist-and-crumble embryos may influence the cumulative pregnancy rate, although the present study revealed no statistical correlation between the twist-and-crumble movement and pregnancy outcome after SVBT. Blastomere polarization in preimplantation embryos plays an important role in the patterning of embryos and proper embryonic development. In humans, disrupted polarization is associated with significantly reduced blastocyst formation and implantation rates [13] . We observed that the twist-and-crumble movement occurred concurrently with blastomere rolling. Although it is not known whether the twist-and-crumble movement interferes with or corrects cell polarity, our results suggest a potential association between improper blastomere polarization and decreased development in embryos with twist-and-crumble movement.
We have previously demonstrated that the prolongation of BMov is negatively associated with pregnancy outcomes following cleavage-stage embryo transfer on day 2; this extended BMov was associated with the delay of pronuclear fading and first cell division [10] . The present study also showed significant correlations between prolonged BMov and decreased blastocyst formation rates. The cytoskeleton plays a key role in organelle transport, segregation of chromosomes, cell division, motility, and signaling, which are crucial steps in cell cycle progression [14] . The distribution of cytoskeletal components is markedly changed in the cytoplasm of zygotes during the postfertilization period, and cytoskeletal reorganization after the first cell division is related to the success of embryonic development [15] . Therefore, prolongation of blastomere movement after the first cell division can be caused by abnormal cytoplasmic activity with respect to cytoskeleton modification and reorganization, which negatively affects subsequent blastocyst development. The LBRs following SVBT were not affected by BMov type or duration in the present study, suggesting that BMov is not correlated with pregnancy outcomes once transferable expanded blastocysts are produced and transferred. However, the correlation between blastocyst development and BMov duration rationalizes our previous finding of prolonged BMov being negatively correlated with pregnancy outcomes after cleavage-stage embryo transfer [10] .
Conclusions
The present study provides evidence that BMov after the first cell division significantly predicts blastocyst formation. Therefore, taken together with our previous findings, we suggest that analysis of BMov is effective for predicting pregnancy outcome after cleaved-embryo transfer on days 2 and 3, but not after blastocyst transfer on day 5. However, this study is limited by its retrospective nature; thus, further randomized controlled trial studies are required to validate our findings. Categorical data are presented as n (%), continuous data are presented as mean ± standard error of the mean. Abbreviations: dBMov/(t3-t2), duration of blastomere movement during the 2-cell stage. Different superscript letters indicate a significant difference at P < 0.05
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